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The neuromuscular junctions between the anterior and posterior latissimus dorsi muscles of the zebra finch were compared. The junctions of the former, exclusively slow tonic fibers, were small and numerous along the long axis of a single muscle fiber. The synaptic depressions per junction were few. The junctions of the latter, exclusively fast twitch fibers, were large and consisted of more synaptic depressions than the former. functional folds were occasionally found in some depressions.
The neuromuscular junctions between the extensor digitorum longus and soleus muscles of the rat were also compared. The former consisted almost entirely of fast twitch muscle fibers, whereas the latter consisted of both slow twitch fibers (75%) and fast twitch fibers (25%). The junctions in the extensor digitorum longus muscle were almost all labyrinthine gutters containing exclusively slit-like junctional folds. In the soleus muscle, two types of junctions were observed. One type was similar to that of the extensor digitorum longus muscle; the other was characterized by labyrinthine gutters containing sparse, narrow slit-like and pit-like junctional folds.
We suggest from these structural differences of the subneural apparatuses that the junction of the fast twitch muscle is characterized by the subneural apparatus containing numerous slit-like junctional folds, and that of the slow twitch muscle fiber characterized by the apparatus containing sparse, narrow slit-like and pit-like junctional folds.
Mammalian skeletal muscles are divided into at least two types of muscle fibers, slow twitch and fast twitch types, based on their contraction speeds. These two types can also be distinguished by the diameter of the muscle fibers, the width of the Z line, and the amount of mitochondria and sarcoplasmic reticulum. Moreover, previous studies with transmission electron microscopy (TEM) have shown structural differences in neuromuscular junctions of these different muscle fiber types (OGATA et al., 1967; PADYKULA and GAUTHIER, 1970; DUCHEN, 1971; EL -LISMAN et al., 1976) . The differences between the neuromuscular junctions of the two types of muscle fibers lie in the size of the junction, and in the number and depth of the junctional folds.
On the other hand, it is well known from avian skeletal muscles that the anterior latissimus dorsi muscle consists of typical slow tonic fibers, whereas the posterior latissimus dorsi muscle, of typical fast twitch fibers. The junction of the former forms a multiple innervation, whereas that of the latter, a single innervation (VRBOvA et al., 1978) .
For a better understanding of the structural differences of the junctions between the two types of muscle fibers in both avians and mammals, it would seem important to visualize the three-dimensional organization of the subneural apparatuses, including the shape and arrangement of the junctional folds. DESAKI and UEHARA (1981) demonstrated, by scanning electron microscopy (SEM), the overall morphology of the neuromuscular junctions after removal of intramuscular connective tissue components by HClhydrolysis. Using the same technique, the morphological differences among the junctions in different muscle fiber types have recently been reported in the rat intercostal muscle (OGATA and YAMASAKI, 1985) .
The present study aims at a systematic survey of the neuromuscular junctions by demonstrating their three-dimensional morphological differences existing between the different types of muscle fibers in the finch and rat, paying particular attention to the organization of the subneural apparatuses, including junctional folds.
MATERIALS AND METHODS
The anterior and posterior parts of the latissimus dorsi muscles of the adult zebra finch (Uroloncha domestica) and the soleus and the extensor digitorum longus muscles of the albino rat (Wistar, 12-week-old) were used.
In the soleus and extensor digitorum longus muscles, fresh cryostat sections, 8um thick, were prepared in a routine manner and the specimens were stained with myosin ATPase (pH 9.4).
For scanning electron microscopy, the muscles were fixed in situ for about 5min with 3% glutaraldehyde in 0.1M phosphate buffer at pH 7.3. After excision, the muscles were cut into several blocks and placed into a fresh fixative for another 2h. The specimens were rinsed in the same buffer and were postfixed for 30min in unbuffered 2% osmium tetroxide. After osmication, the specimens were rinsed in distilled water and then treated with 8N HCl for 20-40min at 60C. They were rinsed three times in distilled water and then dehydrated through a graded series of ethanol. After drying by the critical pointdrying method and sputter-coating with platinum, the specimens were examined in a Hitachi S-500A SEM. In the anterior latissimus dorsi muscle of the zebra finch, two to four junctions were diffusely distributed along the long axes of single fibers. The distance between them was variable, ranging from 50 to 300 um. Individual subneural apparatuses consisted of a small number of round or oval depressions about 2 um in diameter (Fig. 1) . The number of the depressions was from 2-15. The depressions contained no junctional folds. In the posterior latissimus dorsi muscle, on the other hand, a focal junction was found in the middle of the muscle fibers. The subneural apparatuses consisted of a large number (20-40) of round depressions about 2-3um in diameter (Fig. 2 ) (DESAKI and UE-HARA, 1981). The depressions occasionally contained some junctional folds about 0.1um wide and about 0.8um long (Fig. 2 Inset) .
Neuromuscular junctions in the rat

Light microscopy
In the soleus and extensor digitorum longus muscles, the slow twitch and fast twitch fibers were distinguished by their myosin ATPase activity. The soleus muscle predominantly consisted of the slow twitch fibers (74.7+7.6%) and a few fast twitch fibers (25.3+ 7.6%). In contrast, the extensor digitorum longus muscle consisted almost exclusively of the fast twitch fibers (96.6+1.7%).
SEM observations
The subneural apparatuses of both extensor digitorurn longus and soleus muscles consisted of complex labyrinthine synaptic gutters which were incompletely partitioned by ridges or folds of junctional sarcolefhma.
In the extensor digitorum longus muscle fibers of about 25 Aim in diameter, the synaptic gutters were about 1. 4 um wide and contained numerous and almost exclusively slit-like junctional folds about 0.1 , um wide and 5um at maximum length (Fig. 3) .
On the other hand, the synaptic gutters of almost all soleus muscle fibers of about 30um in diameter were about 1.4um wide and contained only a few slit-like and numerous pit-like junctional folds about 0.1urn wide (Fig. 4) . In contrast, the synaptic gutters of some soleus muscle fibers of about 25um in diameter were about 1.5um wide and contained numerous slit-like junctional folds (Fig. 5) . The overall diameter of the subneural apparatuses was about 15um in the former and 18urn in the latter. The number of the junctional folds in the former was significantly smaller than that in the latter.
DISCUSSION
The present study has examined by SEM the overall differences in morphological features of the subneural apparatuses at neuromuscular junctions between the slow tonic and fast twitch muscle fibers in the zebra finch, and between the slow twitch and fast twitch muscle fibers in the rat.
Previous studies using light microscopy and TEM Fig. 3 . A subneural apparatus of the extensor digitorum longus muscle in the rat. Synaptic gutters (arrowhead) contain numerous, almost exclusively slit-like junctional folds (arrow). X2,400
reported that multiple junctions in the anterior latissimus dorsi muscle were small while focal ones in the posterior latissimus dorsi muscle were large (GINS-BORG and MACKAY, 1961; ATSUMI, 1977) . In the present SEM study, the area containing subneural apparatuses in the junction of the posterior latissimus dorsi muscle was wider than that of the anterior latissimus dorsi muscle. This is due to the number of depressions and the existence of junctional folds. In their electrophysiological study, VYSKOCIL et al. (1971) reported that the amount of the transmitter at the junctions in the anterior latissimus dorsi muscle was smaller than that in the posterior latissimus dorsi muscle. The present study suggests that the structural differences of the junctions between the two different types of muscle fibers reflect this electrophysiological event. The present results from the rat soleus muscle indicate two different types of subneural apparatuses, these being distinguished primarily by differences in the shape and developmental degree of the junctional folds. One type consisted of synaptic gutters which contained almost exclusively slit-like junctional folds, and the other, of synaptic gutters in which pit-like and slit-like junctional folds coexisted. We suggest that the former is the junction innervating fast twitch muscle fibers, whereas the latter is that innervating slow twitch muscle fibers. Because the extensor digitorum longus muscle consisted exclusively of the fast twitch muscle fibers, their organization of subneural apparatuses shows a SEM profile which is almost the same as that of the former in the soleus muscle. Moreover, the frequency of these two types of junctions in the soleus muscle was determined to be almost identical with the ratio of the two different types of muscle fibers as ascertained by the histochemical method for myosin ATPase activity. Previous TEM studies reported that the junctions of the slow twitch muscle fibers consisted of small and elliptical axonal terminals and relatively shallow, sparse and irregular junctional folds, whereas those of the fast twitch muscle fibers consisted of long and flat axonal terminals and long, branching and closely spaced junctional folds (OGATA et al., 1967; PADYKULA and GAUTHIER, 1970; DUCHEN, 1971; ELLISMAN et al., 1976) . ECCLES et al. (1958) reported in an electrophysiological study that the firing styles of the motor nerve ending differed between the two types of muscle fibers. Moreover, it has been well known that the apparatuses are specialized to respond to the transmitter acetylcholine (ACh) by means of AChreceptors which are primarily localized at the crests of the junctional folds (FERTUCK and SALPETER, 1974; LENTZ et al., 1977; GROHOVAZ et al., 1982) . The basal laminae in the apparatuses are further differentiated by a high concentration of ACh-esterase (BARRNETT, 1962; RASH and ELLISMAN, 1974) . Although the structural difference of the subneural apparatuses between the two different types of muscle fibers directly reflects the electrophysiological function, further studies are needed to ascertain the relationship between their functions and their structures.
The occurrence of numerous pit-like junctional folds in the synaptic gutters may possibly indicate the immaturity of the structures, because they were found in the junctions of the embryonic and the early postnatal stage (TERAVAINEN, 1968; DESAKI and UEHARA, 1987) . DESAKI and UEHARA (1987) noted in their SEM study of the formation and maturation of subneural apparatuses at the junctions in the postnatal rats that the adjacent pits may fuse to each other and to the pref ormed slits, thus being involved in pit-to-slit transformation and linear elongation of the junctional folds.
An electrophysiological study in postnatal cats by MANN and SALAFSKY (1970) showed that at birth there were no differences in the contraction time between the tibialis anterior muscle as the fast twitch muscle and the soleus muscle. Both muscles contracted slowly at birth; the tibialis anterior muscle gradually then contracted faster, while the soleus muscle continued to contract slowly until adulthood.
We suggest an interrelationship between the existence of the numerous pit-like junctional folds in the synaptic gutters and the contraction speed of the muscles.
